Objective-Histone acetylation has been shown to be involved in expression of a restricted set of cellular genes including various proinflammatory molecules. We aimed to investigate the relationship between histone acetylation and atherosclerosis. Methods and Results-In low-density lipoprotein (LDL) receptor-deficient (Ldlr Ϫ/Ϫ ) mice fed an atherogenic diet for 4 or 8 weeks, trichostatin A (TSA), a specific histone deacetylase inhibitor, exacerbated atherosclerosis without alteration on plasma lipid profiles. When we assayed the effects of TSA on expressions of oxidized LDL (oxLDL) receptors on RAW264.7 macrophage, we found that TSA increased CD36 mRNA and protein, as well as cell surface expression of CD36. TSA also increased acetylation at the CD36 promoter region. The uptake of 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine percholate (Dil)-labeled oxLDL was enhanced in RAW264.7 macrophage by TSA. Furthermore, TSA treatment increased CD36 mRNA expression in aorta, and SRA, tumor necrosis factor (TNF)-␣, and vascular cell adhesion molecule-1 (VCAM-1) were also elevated, whereas IL-6 and IL-1␤ expressions were decreased. Conclusions-Our findings suggest that histone acetylation could play some role in atherogenesis by modulating expressions of oxLDL receptor and some proatherogenic genes. Therefore, our results indicate that increased histone acetylation may affect the progress of atherosclerosis. 
R eversible acetylation of histones has been shown to be a crucial event in gene expression. Histone acetylation is controlled by the enzymes histone acetyltransferase and histone deacetylase (HDAC). 1, 2 Histone acetyltransferase AT-dependent acetylation of particular lysines is associated with an "open" chromatin conformation and increased accessibility of transcription factors to their binding sites, resulting in increased transcription of the target genes. In contrast, de-acetylation of these lysines by HDACs is associated with a more condensed chromatin structure and gene silencing. 3 Specific inhibitors of HDAC, such as trichostatin A (TSA) and trapoxin A, have been used to study the function of histone acetylation. These inhibitors have been shown to alter the expression of Ϸ2% of cellular genes, including genes controlling the cell cycle and apoptosis, such as p21 waf1 , c-myc, plasminogen activator, and p53. 4 -7 Atherosclerosis is a complex chronic inflammatory disease involving elastic and muscular arteries. 8 Chronic inflammation of the vascular wall includes the uncontrolled proliferation of vascular myointimal cells, the production of foam cells, and progressive vascular occlusion. These inflammatory responses are thought to be caused by endothelial dysfunction mediated by elevated or modified plasma lowdensity lipoprotein (LDL) cholesterol and elevated plasma homocysteine concentrations, as well as by infectious microorganisms. 9 Recently, HDAC inhibitors have been shown to exhibit antiinflammatory properties. For example, several HDAC inhibitors were demonstrated to reduce the expression of inducible nitric oxide synthase, and IL-8. 10, 11 In addition, suberoylanilide hydroxamic acid, a specific HDAC inhibitor, was shown to reduce serum concentrations of TNF-␣, IL-1␤, IL-6, and interferon-␥ in lipopolysaccharide-treated mice, as well as to decrease production of these cytokines by lipopolysaccharide-stimulated human peripheral blood mononuclear cells. 12 Macrophage scavenger receptors, including CD36 and scavenger receptor A (SRA), play an important role in atherogenesis by contributing to the formation of macrophage foam cells. 13 These cell surface receptors recognize oxidized LDL (oxLDL) and mediate the accumulation of cholesterol. 14, 15 Genetic disruptions of these receptor genes were found to decrease fatty streak lesions in mouse models, indicating that these receptors contribute to lesion development. 16, 17 Moreover, the specific HDAC inhibitor TSA was observed to decrease the expression of SRA in P388D1 macrophage by reducing the expression of the Ets domain transcription factor PU.1, suggesting that HDAC inhibition may prevent the development of atherosclerosis. 18 To determine the relationship between histone acetylation and atherosclerosis, we injected TSA into LDL receptor-deficient (Ldlr Ϫ/Ϫ ) mice fed an atherogenic diet. We also tested the effect of TSA on the expression of scavenger receptors using the RAW264.7 mouse monocyte/macrophage cells.
Methods

Animal Protocol
Fifty-one male Ldlr Ϫ/Ϫ mice on a C57BL/6 background 19 (Jackson Laboratory, Bar Harbor, Me) were fed an atherogenic diet containing 1.25% cholesterol (Oriental Yeast, Japan) and divided into 6 groups. Three groups of 8 mice each were treated for 4 weeks with 1 mg TSA/kg body weight (high dose), 0.5 mg TSA/kg body weight (low dose), or 2% dimethyl sulfoxide (DMSO) in saline (vehicle control), whereas 3 groups of 9 mice each were treated with the same TSA doses, but for 8 weeks. TSA was injected intraperitoneally every other day. The doses of TSA used in this study were based on the doses of TSA showing significant inhibition of tumor progression in mice. 20, 21 Plasma lipid levels, the extents of fatty streak lesions in the aortic sinus, were measured as described previously. 22 Aortic HDAC activity of the total lysate of a pool of 3 aortas from each group was measured using an HDAC activity assay kit (BIOMOL Research Laboratory) according to the manufacturer's protocol. All animal study protocols were approved by the animal care committee of Seoul National University.
Cell Culture and TSA Treatment
The RAW264.7 mouse monocyte/macrophage cell line was maintained in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum. Cells were incubated with 0, 1, 5, and 10 ng/mL TSA for 8 or 12 hours; these TSA concentrations were determined by their effectiveness in inhibiting HDAC with no cytotoxicity. We could not determine whether these TSA concentrations could be correlated with plasma TSA levels, because there is no sensitive method for assaying TSA in biological matrices. However, using highperformance liquid chromatography, we found that after injection into mice, TSA is rapidly metabolized to two major metabolites (Figures I through III, available online at http://atvb.ahajournals. org), indicating that the effective TSA concentration that inhibits HDAC activity may be different in vivo and in vitro. Throughout the experimental period, we observed no clinical sign or notable lesion in TSA-treated mice, indicating that TSA had no obvious toxicity at the doses used.
Immunostaining
Avidin-Biotin Complex method was applied to detect HDAC 1, 4, 5, and macrophage marker (MOMA-2) using commercially available anti-mouse HDAC 1, 4, 5 (Upstate Biotechnology) and MOMA-2 (Serotec) antibodies at 1:200 dilutions as described previously. 22 To stain the acetylated histone H4, the sections were incubated with rabbit polyclonal anti-mouse acetylated histone H4 antibody (Upstate Biotechnology) at 1:200 dilution. After incubation with biotinylated anti-rabbit IgG antibody as a secondary antibody, fluorescein isothiocyanate (FITC) or Texas Red conjugated Avidin D was incubated to visualize the antigen. Negative control tissues were prepared in the same manner described, except for the omission of primary antibodies and the substitution of control serum. The quantitative analysis of the average fluorescent intensity was determined with Zeiss LSM 510 software.
Flow Cytometry
After labeling with FITC-conjugated antibody directed against CD36 (Santa Cruz Biotechnology), or SRA (Serotec), the surface expressions of these molecules were analyzed by FACSCalibur flow cytometer (Becton-Dickinson).
Quantitative Real-Time Reverse-Transcriptase Polymerase Chain Reaction
After synthesizing cDNA from total RNA isolated by TRIZOL (GibcoBRL), quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR) was performed with the 7700 sequence detector (Applied Biosystems). Mouse CD36, SRA, TNF-␣, VCAM-1, IL-1␤, IL-6, eNOS, intercellular adhesion molecule-1 (ICAM-1), E-selectin, granulocyte macrophage colony-stimulating factor, and MCP-1 primers and probes were obtained from Applied Biosystems (Assay-on-Demand). GAPDH primers and probe were developed with Primer Express software (Applied Biosystems). The oligonucleotide sequences for GAPDH is as follows: forward primer, 5ЈGGAGCCAAACGGGTCATCA3Ј; reverse primer, 5Ј GGTTCA-CACCCATCACAAACATG 3Ј; and probe, FAM-5Ј TCTCCGC-CCCTTCTGC 3Ј. The resulting data were analyzed with SDS software (Applied Biosystems), with TAMRA as the reference dye.
Isolation of Histone
Histone fraction from 5ϫ10 6 cells was collected according to Yoshida et al. 23 
Western Blot Analysis
Forty g of cellular extract or 30 g of isolated histone were electrophoresed and transferred to a nitrocellulose membrane (Schleicher & Schuell), which was incubated with antibody against CD36 (Cascade Bioscience), actin (Santa Cruz Biotechnology), histone H4, or acetylated histone H4 (Upstate Biotechnology). Primary antibody was detected with an ECL detection kit (Amersham).
Chromatin Immunoprecipitation
The chromatin immunoprecipitation assay was performed as described previously. 24 Briefly, after extracting the total chromatin from 1.5ϫ10 6 RAW264.7 cells fixed in 1% formaldehyde, the chromatin-DNA complexes immunoprecipitated by antibody against acetylated histone H4 (Upstate Biotechnology) were used as a template for PCR amplifications. The primer pairs are 5Ј-TGCT-GTGAGGATGTTAGTG-3Ј and 5Ј-TAAAGGAACCATCAAAAT-GC-3Ј(primer 1); 5Ј-AAATTGCCTAGTCAGAGCAG -3Ј and 5Ј-AGCATCACCCTCAAATAAAA-3Ј(primer 2); and 5Ј-CCCTGTTG-ATTGACAAGAGT-3Ј and 5Ј-TGTGTGAGAGTTGAAACGAG-3Ј(primer 3).
Fluorescence Microscopy
After pretreatment for 8 hours with TSA, RAW264.7 cells were incubated with 5 mg/mL 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine percholate (Dil)-labeled oxLDL (Intracel) for 4 hours. After washing, the fluorescence intensity of the cells was analyzed by Image Pro Plus (Media Cybernetics) using a captured picture under a fluorescent microscope with a rhodamine filter set. Data are shown as mean fluorescence of 500 cells per treatment, with 3 fields analyzed per experiment. Three independent experiments were performed.
Statistical Analysis
The results were analyzed using 2-tailed Student t test if 2 groups were compared or ANOVA test followed by Fisher's protected least significant difference method for multiple comparisons if more groups were compared with a control group. All data in this study are expressed as the meanϮSEM. Values of PϽ0.05 were considered significant.
Results
Effects of TSA on Atherogenesis in Ldlr Ϫ/Ϫ Mice
Throughout the experimental period, the plasma lipid profiles including total cholesterol, LDL, HDL, and triglyceride were not different among the groups (Table I , available online at http://atvb.ahajournals.org). All mice fed an atherogenic diet for 4 or 8 weeks showed fatty streak lesions in aortic sinuses ( Figure 1 Treatment with TSA also resulted in significant increases macrophage accumulation in aortic sinus (Figure 2 ; Figure IV , available online at http://atvb.ahajournals.org). After 4 weeks, the mean areas of macrophage infiltration were 90.7% higher (PϽ0.05) in the high TSA group than in the untreated group, and after 8 weeks, 73.4% higher (PϽ0.05) in the low TSA group and 74.7% (PϽ0.05) higher in the high TSA group.
The aortic HDAC activity was reduced 38.7% in the low TSA group and 50.7% in the high TSA group (PϽ0.05), leaving the expression patterns of HDAC1, HDAC4, and HDAC5 unchanged by TSA treatment ( Figure V , available online at http://atvb.ahajournals.org).
Furthermore, we performed immunofluorescence staining for acetylated histone H4 in the lesions. 
Effect of TSA on Expression of OxLDL Receptors
In flow cytometric analysis, the surface expression of CD36 was increased by TSA in a dose-dependent manner ( Figure  3A) . In real-time RT-PCR analysis, the level of CD36 mRNA was markedly elevated by TSA treatment ( Figure 3B) . By Western blot, we also observed increased levels of CD36 protein in cells cultured with TSA ( Figure 3C ). However, there was no effect on SRA expression ( Figure VII , available online at http://atvb.ahajournals.org).
Effect of TSA on Acetylation of Histone H4 at the CD36 Promoter
The acetylation of histone H4 was markedly increased after treatment with TSA ( Figure 4A) . To see the acetylation status of histones associated with CD36 genomic locus, chromatin immunoprecipitation analysis was performed. Using 3 different sets of primers ( Figure 4B ), which cover Ϸ600 bp of the upstream or downstream promoter regions of the CD36 gene, we found that TSA treatment induced increased histone H4 acetylation of CD36 promoter regions ( Figure 4C ). 
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Effect of TSA on Uptake of oxLDL
Because the expression of CD36 is upregulated by HDAC inhibition, we examined the effect of TSA on oxLDL uptake. Using fluorescence microscopy to visualize the amount of Dil-labeled oxLDL taken up by RAW264.7 cells in response to TSA treatment, we found that TSA induced a significant dose-dependent increase in cytoplasmic fluorescence ( Figure  VIII , available online at http://atvb.ahajournals.org).
Expression of Atherosclerosis-Related Genes in Aorta
In analysis of the expressions of atherosclerosis-related genes using real-time RT-PCR, we found that CD36 expression in aorta increased Ϸ2.7-fold in response to TSA treatment when compared with the control group. In addition, expression of mRNAs encoding SRA, TNF-␣, and VCAM-1 was significantly elevated, whereas expression of IL-6 and IL-1␤ mRNA was decreased ( Figure 5 ). Among proatherogenic molecules, besides VCAM-1, having a role in monocyte adhesion and migration, TSA treatment reduced aortic MCP-1 and E-selectin mRNAs. The levels of expression of mRNAs encoding ICAM-1 and granulocyte macrophage colony-stimulating factor, however, were not altered. Thus, increased VCAM-1 expression may be involved in the increased macrophage recruitment into the lesions. We also found that aortic eNOS expression was not reduced by TSA treatment ( Figure IX , available online at http://atvb.ahajournals.org).
Discussion
TSA is the most potent HDAC inhibitor known to date, and it is frequently used in studies on the role of histone acetylation in gene expression. 25 In this study, we injected TSA into Ldlr Ϫ/Ϫ mice fed an atherogenic diet to determine the effect of HDAC inhibition on atherogenesis. Our results showed that TSA markedly exacerbated atherogenesis in these hyperlipidemic mice, but without changing plasma lipid profiles. These findings indicate that histone acetylation has a significant effect on atherogenesis. During atherogenesis, the differentiation of monocytes into macrophages is a pivotal step. Macrophages express scavenger receptors, including CD36 and SRA. In a recent study on macrophage cell lines, inhibition of HDAC by TSA was reported to affect the expression of cell surface molecules by a mechanism involving the loss of the Ets domain transcription factor, PU.1. 18 TSA inhibition of HDAC, however, has also been shown to increase the expression of CD14 and ICAM-1 in human and mouse monocytes. 26 Taken together, these results suggested that histone acetylation may control macrophage function by altering the expression of macrophage surface molecules. We therefore investigated the effects of TSA on the expression of macrophage surface receptors involved in oxLDL uptake and found that TSA significantly increased the surface expression of CD36, but had no effect on expression of SRA. We also found that TSA increased the expression of both mRNA and protein of CD36, which appears to be responsible for the increased cell surface expression of this receptor. Furthermore, CD36 expression was markedly increased in TSA-treated mice. Because CD36 is known to function as a scavenger of oxLDL on macrophages, 27 our findings suggest that the TSA-induced increase in oxLDL uptake is associated with the TSA-induced increase in CD36 expression. CD36 expression was recently shown to be increased by NF-B activation, 28 and HDAC inhibitors have been reported to enhance NF-B activity. 29, 30 We also observed TSA-induced enhancement of NF-B activity in RAW264.7 cells (data not shown). Thus, the mechanism by which TSA increases CD36 expression may involve the enhancement of NF-B activity. The increased NF-B activity by TSA may also contribute to increase of VCAM-1 mRNA expression in aorta of TSA treated mice, because VCAM-1 is one of representative NF-B dependent genes. Considering other NF-B-dependent genes including MCP-1 and E-selectin are reduced in TSA-treated mice, other unknown factors might be involved in regulation of these genes, but which mechanism remains to be elucidated.
In contrast to our cell experiments in which TSA did not elevate SRA expression in macrophages, the aortic expression of SRA was elevated in TSA-treated mice. This increase may be caused by the interaction with other cell types, such as smooth muscle cells (SMCs). Previously, coincubation of aortic SMC with macrophages or oxidized LDL from macrophageconditioned medium was found to result in increased SRA expression, 31 and nodular aortic SMCs show increased expression of SRA. 32 Thus, increased SRA expression in aortic SMC caused by enhanced accumulation of macrophages after TSA treatment may be responsible for the upregulation of aortic SRA expression. Our observations therefore indicate that HDAC inhibition has a differential effect on oxLDL receptor expression, thus elucidating steps in the mechanism by which TSA accelerates atherosclerosis.
Recent observation suggested that eNOS expression is downregulated by HDAC inhibitors in endothelial cell. 33 But we demonstrated that the eNOS expression was not reduced in TSA-treated mice. This result was unexpected, because eNOS expression has been reported to be restricted to endothelial cells. However, considering that eNOS expression was recently reported to be repressed by HDACs in nonendothelial cells, including artery SMCs, and this repression could be partially relieved by inhibiting HDACs in these cells, 34 undiminished eNOS expression in the aortae of TSA-treated mice may be caused by the induction of eNOS expression in nonendothelial vascular cells, indicating that eNOS may not be highly involved in enhanced atherosclerosis by TSA. However, it seems that the understanding molecular mechanisms supporting the difference in eNOS regulation in endothelial cell and nonendothelial cells is quite important and requires further studies.
According to Leoni et al, the HDAC inhibitor suberoylanilide hydroxamic acid has antiinflammatory activity downregulating the expression of several cytokines involved in atherogenesis, including IL-1␤, IL-6, and TNF-␣. 12 We have shown here that whereas the aortic levels of IL-1␤ and IL-6 mRNA were reduced, aortic TNF-␣ mRNA was elevated in TSA treated mice. Although the reason for this discrepancy remains to be determined, it may be because of the use of different animal models. TSA may be considered an antiinflammatory compound with respect to its antiatherogenic activity. Although we found that TSA reduced the expression of IL-1␤ and IL-6 mRNA, it increased the expression of CD36, SRA, TNF-␣, and VCAM-1, all of which are involved in atherogenesis, thus suggesting a mechanism for the exacerbation of atherosclerosis by TSA.
Recently, HDAC inhibitors were reported to show anti-tumor activity through the upregulation of expression of silent tumor suppressor genes. 20, 21 Several HDAC inhibitors, including suberoylanilide hydroxamic acid, butyrate, depsipeptide, and valporic acid, are currently in human clinical trials as anti-cancer agents. 25 Although no clinical trials of TSA are currently ongoing, our results, showing that TSA accelerates the development of atherosclerotic lesions, suggest that it is needed to determine the effect of other HDAC inhibitors on atherogenesis.
In conclusion, despite extensive research on the biological functions of histone acetylation, little is known of the role of histone acetylation in atherosclerosis. Several lines of evidence presented in our work clearly support the conclusion that histone acetylation plays some role in atherogenesis, and the control of histone acetylation may affect the process of atherosclerosis. 
